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ABSTRACT: LiFePO4/C was synthesized from a mixture of diﬀerent precursors of Li, Fe, and C by solid-state reaction. The initial
mixture obtained was heated in diﬀerent calcination conditions under inert atmosphere. The precursor of LiFePO4 doped with
carbon was studied using diﬀerent techniques such as thermal analysis, chemical and physical characterizations, and M€osbauer
spectroscopy. A calculation of the crystallinity of the ﬁnal product with two diﬀerent methods is also presented. The chemical
analysis techniques used were IRTF, XRD, and SEM. This characterization conﬁrmed that we obtained a well-crystallized LiFePO4/
C in all the operating conditions tested. The SEM showed aggregation and sintering during the calcination process, which were
conﬁrmed by the particle-size distribution measurements and by the physical characterizations. M€osbauer spectroscopy was used to
determine the quantity of Fe(II) and Fe(III) contained in the ﬁnal product. Our calcination conditions did not signiﬁcantly modify
the quantity of the two oxidation states.
1. INTRODUCTION
Numerous research groups have carried out extensive studies
of LiFePO4 as a positive electrode material for lithium ion
batteries. Interest in this material is due to its low cost, low
toxicity, thermal stability, and high theoretical speciﬁc capacity of
170 mAh/g.1 These studies showed that the synthesizing process
is very important in controlling particle morphology and con-
ductivity, both of which are determinant in obtaining good
electrochemical performance in lithium batteries. The Li+ can
be extracted from or inserted into LiFePO4 at the electrode
potential of 3.5 V versus Li/Li+ and at the theoretical speciﬁc
capacity of 170 mAh/g, but a main problem with LiFePO4 is its
low electronic conductivity. Both ionic and electronic transport
need to be improved simultaneously. An improvement in con-
duction properties can be obtained by reducing the size of
primary particles with a uniform size distribution.2,3 It has also
been reported that carbon coating on LiFePO4 particles was
eﬀective in improving its electrochemical performance.4 Small,
high-crystalline particles of LiFePO4 have been prepared by
using two processes: solid-state reaction and solution reaction.
Many studies have used the solid-state reaction. This method
produces LiFePO4/C with a good capacity.
5!8 The main draw-
back to this method is that it results in crystal growth and particle
agglomeration, both of which are uncontrollable. Mechanochem-
ical activation is also used and produces small particles with a
large speciﬁc surface area, resulting in an improvement in
electronic conductivity.9,10 The second group of processes used
are the hydrothermal or sol!gel methods, or precipitation in
solutions.11,12 The hydrothermal method gives well-crystallized
particles with a size smaller than 100 nm and with a good
capacity.13,14 The study showed that a hydrothermal treatment
followed of a heating to 500 !C during 1 h allowed to obtain a
LiFePO4/C composite with a high discharge capacity of 113
mAh/g. The sol!gel process is increasingly used because it
seems to facilitate control of the nanoscale material structure
with a good electrochemical performance.15!17
The objective of this paper was to determine whether the
thermal treatment conditions have an eﬀect on the properties of
the ﬁnal product in terms of size or magnetic property, which are
determining factors for a good capacity. Our aim was the
characterization (thermal, chemical, physical, magnetic) of in-
dustrial LiFePO4/C powders obtained under mechanochemical
conditions. Diﬀerent powders were prepared by solid-state
grinding then calcined under various conditions. The character-
istics of the diﬀerent LiFePO4 precursors obtained were com-
pared for the diﬀerent operating conditions investigated.
2. EXPERIMENTAL DETAILS
2.1. Preparation of LiFePO4. The carbon-coated LiFePO4
material was synthesized by mixing stoichiometric amounts of a
precursor of lithium and a precursor of iron. A precursor of
carbon was then introduced into the ball mill. Different milling
conditions were tested, and the mixtures obtained were calcined
to obtain the LiFePO4/C precursor. These mixtures were then
heated from ambient temperature to 600, 650, or 700 !C with
different heating rates (5, 10, and 20 !C/min) with nitrogen
providing an inert atmosphere. The inert atmosphere avoids the
oxidation of Fe2+ into Fe3+. The nitrogen flow rate was varied
during the heating. The temperature at which the flow rate was
changed was optimized in order to avoid oxidation of the final
product.
2.2. Characterization Techniques. 2.2.1. Thermal Analysis.
A thermogravimetric analysis/differential scanning calorimetry
(TGA/DSC) apparatus, SDT Q600 made by TA Instruments,
was used. LiFePO4/C (20 mg) was heated over the temperature
range from ambient to 700 !C at a heating rate of 5 !C/min.
A nitrogen atmosphere with 100 mL/min flow rate was used.
Samples were analyzed in alumina crucibles, and the reference
was an empty alumina pan.
2.2.2. Chemical Analysis. The structure of LiFePO4/C
was characterized by Fourier transform infrared spectroscopy
(Shimadzu model FTIR-8400S). The infrared spectra were
recorded in the range of 1500!500 cm!1.
The phase identiﬁcation of the sample was carried out using
X-ray diﬀractometry (XRD, Siemens D5000 diﬀractometer),
which had a Cu Kα radiation at 45 kV and 40mA. The reﬂections
were collected in the 2θ ranges from 10! to 65!with a step size of
0.05!, a scan speed of 0.016667!/s, and a time of 3.00 s per step.
The phase identiﬁcation was carried out with the JCPDS
database.
The morphology and EDX analysis of the LiFePO4/C pre-
cursor were observed by scanning electron microscopy (SEM)
with a Philips model XL30.
The sample crystallinity was derived from two methods. One
from the thermal method (DSC), and the other from the XRD
spectra.
The ﬁrst method used for the determination of crystallinity
was the thermal method, from the enthalpy of crystallization that
was determined from the DSC curves. The thermal program
imposed is presented in Figure 1. A hysteresis curve was imposed
to separate crystallization from evaporation. In the ﬁrst part of
the cycle, an endothermic peak appeared, corresponding to the
evaporation and crystallization of LiFePO4. In the second part of
the cycle, only the crystallization peak was present. From the
crystallization enthalpy of the LiFePO4 reference, the crystal-
linity of each sample was calculated according to the following
equation:
Crystallinityð%Þ ¼ ΔHc
sample
ΔHcref
% 100 ð1Þ
The second method used for the determination of crystallinity
was XRD. From XRD spectra, a well-crystallized precursor
LiFePO4/C was chosen as the reference. From the intensity of
the four main peaks of its XRD spectrum, the sample crystallinity
was calculated using the following equation:
% ¼ Σ intensityðsampleÞ
Σ intensityðLiFePO4 referenceÞ % 100% ð2Þ
The magnetism of the samples was determined by M€osbauer
spectroscopy with a Co γ-ray source used to detect Fe3+
impurities existing in the LiFePO4/C. This method is a form
of absorption spectroscopy that allows the degree of oxidation of
the chemical elements present to be determined. In our case, the
iron oxidation states were investigated. These analyses were
carried out at ambient temperature, and the doublet was analyzed
by ﬁtting to two Lorentzien curves.
2.2.3. Physical Analysis. The true density was measured with a
Micromeritics 1330 10 cm3 helium pycnometer. Measurements
were taken in a cell of 1 cm3 with about 0.9 g of sample. For the
assays, the pressure was 1.4 bar, and the temperature 20.4 !C.
The measurement principle is based on the variation of helium
pressure in a calibrated volume.Weobtained the true density, that is,
the ratio between the mass and the volume of the actual sample.
The speciﬁc surface area was measured by a Brunauer!Emmett!
Teller (BET) analyzer, a Germini Vacprep 061 (Micromeritics).
Figure 1. Hysteresis thermal program.
Figure 2. TG and DSC curves of the LiFePO4 precursor.
The sample was ﬁrst degassed for about 12 h under vacuum at a
temperature of 105 !C. This measurement was made by the ﬁve
points method, with introduction of various quantities of
nitrogen.
Figure 3. IR spectra of a calcinations temperature of 650 !C avec three-rate heating.
Figure 4. IR spectra for a speed of heating equal to 10 !C/min and three calcination temperatures.
Figure 5. XRD patterns of LiFePO4/C for diﬀerent speeds of heating and at calcination temperature of 650 !C.
The particle size distribution measurement was carried out
with a laser granulometer, a Masterzizer 2000 HYDRO from
Malvern. The dispersing agent used was ethanol, so as to avoid
any dissolution of particles during the experiment. The range of
the particle size measurement was from 0.02 to 2000 μm.
2.2.4. Electrochemical Performance. An experimental battery
was made with 80% of the prepared LiFePO4 mixed with 10%
carbon black and 10% polyvinylidene fluoride as binder. The
binder is compressed between a Li-coated Ni anode and Al
cathode separated by a 1 M LiPF6 electrolyte in dimethylcar-
bonate.25 The galvanostatic charge!discharge tests were
performed at a C/10 or C/20 rates. The current densities
are in the range of 2.5!4.3 V versus Li+/Li at room temperature
(20 !C).29
Figure 6. XRD patterns of LiFePO4/C for diﬀerent calcinations temperature and a speed of heating equal to 10 !C/min.
Figure 7. SEM micrographs.
3. RESULTS AND DISCUSSION
3.1. Thermogravimetry and Calorimetry Characterization.
The TG and DSC curves of the precursor of LiFePO4/C are
presented in Figure 2. Three step weight losses were observed in
the TG curve with a total weight loss of 19%. The first weight loss
(5%) between 100 and 250 !C is related to the dehydration
process.
An endothermic peak (DSC curve) at 150 !C was associated
with this mass loss, corresponding to physically absorbed water.1
The main weight loss (9%), between 250 and 400 !C, associated
with a second endothermic peak (330 !C), corresponded to the
decomposition of the carbon precursor and of some organic
residue materials. In the last stage, from 400 to 700 !C, an
exothermic peak around 460 !C accompanied by about 2% mass
loss appeared. This peak was associated with the crystallization
process of LiFePO4. These results are in agreement with the
literature.15,18!20
3.2. Chemical Characterizations. 3.2.1. Fourier Transform
Infrared Spectroscopy. An example of infrared spectra obtained
for a LiFePO4/C precursor calcined to the temperature of
650 !C and for three heating rates is presented in Figure 3. In
Figure 4, the infrared spectrum for the same precursor is
presented but for different calcination temperatures. The same
bands are present in all spectra, regardless of the operating
conditions. The range from 500 to 1139 cm!1 corresponds to
internal modes resulting from the intramolecular vibrations of
the (PO4)
3!. Symmetric and antisymmetric O!P!O bending
modes exist in the range of 500!647 cm!1. Bands present in the
range of 945!1139 cm!1 correspond to the symmetric and
antisymmetric P!O stretching modes. The overall character-
istics were similar to those reported in the literature.11,21,22
Whatever the calcination conditions imposed, the functional
groups present in the final LiFePO4/C precursor were
the same.
3.2.2. XR Diffractometry. Some X-ray diffraction spectra of the
LiFePO4/C obtained after calcination under different tempera-
tures and different heating rates are shown in Figures 5 and 6. All
diffraction lines were indexed on an orthorhombic olivine system
and a space group of Pnmb, which is in agreement with a well-
crystallized single-phase LiFePO4 according to the pattern
number PDF no. 040!1499. The lattice parameters were as
follows: a = 0.60 nm; b = 1.03 nm; and c = 0.47 nm. The olivine
crystal structure identified is in agreement with the literature.1,19
Our different calcination conditions (change of calcination
temperature or variation of the heating rate) did not modify
the crystalline phases present. A temperature of 650 !C with a
heating rate of 10 !C/min was sufficient to obtain a well-
crystallized LiFePO4/C. From the XRD crystallinity calculation,
the optimum conditions are a final temperature of 650 !C with a
heating rate of 10 !C/min. The intensities of some of the peaks
were modified under certain conditions. For instance, for the
same final temperature, the intensity of some peaks increased
when the heating speed increased. For example, for the peak
located at 2θ = 29.7!, the intensity decreased near 2% when the
heating rate increased and inversely for the peak at 2θ = 25.5!,
which increased about 4%. In all XRD patterns, the main peak
corresponding to 100% of intensity was located at 2θ = 35.6!.
This could indicate a change of direction in crystal growth. Small
amounts of Fe3+ impurities may exist in the final product, but
they could not be detected by XRD, since it is not sensitive
enough. Using M€osbauer spectroscopy (Section 3.2.5), which is
more sensitive than XRD, will help to determine whether Fe3+
has been formed in the final product.Figure 8. EDX analysis.
Figure 9. Example of DSC and TG curves.
3.2.3. SEM and EDX. SEM micrographs for LiFePO4/C
obtained at a calcination temperature of 700 !C and a heating
rate of 10 !C/min are presented in Figure 7. In Figure 7a, a0, two
types of particles can be observed. There are some plates with
primary particles bonded to the surface, and there are also
aggregates of primary particles. The observation by SEM of the
lithium precursor alone showed rounded particles (Figure7b),
while observation of the iron precursor revealed flat particles
(Figure7c).These observations are consistent with the type of
particle present in the final product. The particle aggregation was
confirmed by the particle size distribution measurement. In
Figure 7d, the aggregation of primary particles can be observed.
In Figure 7e, sintering was detected, which occurred during the
calcination process on the surface of the plates. An energy
dispersive X-ray (EDX) analysis was also carried out to identify
the elemental atoms presents. An example of result obtained is
presented in Figure 8. The EDX analysis of LiFePO4/C showed
the atomic percentage of C ranged between 22 and 26% in the
aggregates and between 28 and 35% in the plates. The EDX point
analysis was repeatedly made on several particles to verify
distribution of elements. From this observation, it was concluded
that the carbon allocation seemed homogeneous in the various
types of particles present. From this analysis, we calculated the
ratio of the elemental atoms and found Fe/P well equal to 1 and
O/Fe or O/P equal to 4. This confirmed the LiFePO4 precursor
formation.
3.2.4. Crystallinity. The first method used to calculate the
crystallinity was to determine the enthalpy of crystallization,
which was calculated from DSC curves. An example of the curves
obtained is presented in Figure 9. The DSC curve corresponds to
a hysteresis curve. In the first part of the curve, an exothermic
peak appears, caused by evaporation, and crystallization (97.6 J/g)
of LiFePO4 accompanied by a weight loss. In the second part
(corresponding to the second heating), an exothermic peak
appears (90.6 J/g) without weight loss accompanying the LiFe-
PO4 crystallization. The crystallization enthalpy of different
precursors was calculated from this peak. Results obtained are
presented in Figure 10. DSC curves gave crystallinity for
temperatures of 600 and 650 !C lower than 70%, while for the
temperature of 700 !C, the crystallinity was higher than 100%
with respect to the LiFePO4 reference. At a temperature of
700 !C, the final product had a better crystallinity than at the
other calcination temperatures. This shows that the calcination
conditions affect the crystallinity of the final product.
Another method used to determine crystallinity is XRD.
Figure 11 shows the four peaks that were taken into account
for the crystallinity calculation from eq 1. Results obtained are
presented in Figure 12 and show that temperatures of 650 and
700 !C produced similar crystallinities (75% < % crystallinity
<90%). On the other hand, for some samples obtained with a
temperature of 600 !C, crystallinity was much lower (between
50% and 60%). For all precursors obtained, the Scherrer
diameter was calculated, and no modiﬁcation was observed in
the size of the crystallites (between 38 and 44 nm) in our
operating conditions.
The thermal method is more rigorous than the XRD method
because it depends only on the chemical and thermodynamic
properties of the product analyzed. The experimental prepara-
tion conditions for the samples have no eﬀect on the result.
3.2.5. Quantification of Fe(II) and Fe(III). Some reaction
products were analyzed by M€osbauer spectroscopy to quantify
the Fe(II) and Fe(III) in the sample. The M€osbauer spectrum
displayed in Figure 13 allowed the different Fe oxidation states to
be quantified. Each peak corresponds to a different iron oxidation
state. The first peak corresponds to Fe(II) and the second peak to
Fe(III). These two peaks present in the spectrum are typical for
iron compounds in mostly low oxidation state. Results are in
agreement with a graph typically obtained for doped LiFePO4, as
several authors have already shown.23,24 Results obtained forFigure 10. Crystallinity from thermal analysis.
Figure 11. Peaks taken into account.
different LiFePO4 precursors gave almost identical proportions
in the various samples analyzed, 90% < Fe(II) <95% and 5% <
Fe(III) <10%. So, our calcination conditions did not modify the
final compositions of the samples. It would be interesting to
connect these data with battery performance to assess the
sensitivity of performance with regard to the quantity of Fe(III)
present in the final product.
3.3. Physical Characterizations. Figure 14 presents the particle
size distributions for two initial mixtures before (mixtures A and B)
and after their calcination (mixture A calcined and B calcined) to
a final temperature of 700 at 10 !C/min. The difference between
these two mixtures is that mixture A contains all particles
obtained after the ball milling while mixture B is composed of
smaller particles. For the initial mixture A, the distribution was
polymodal with small particles (peak at 0.7 μm) and larger ones
(20 and 90 μm). This distribution remained unchanged after the
calcination process. Some small particles disappeared in favor of
the largest ones corresponding to agglomeration during the
heating process. However, the main particle size distribution
was the same with the maximum remaining at the same
particle size.
For the initial mixture B, the particle distribution presented a
large main peak around 2 μm and only a few particles around 80
μm. After calcination at 700 !C, the peak corresponding to the
small particles was still present, but the peak around 80 μm
increased signiﬁcantly. The appearance of this higher quantity of
large particles was in agreement with the SEM observations
(Figure 7a, a0), where two aggregates of primary particles were
present. This increase in the quantity of large particles may
correspond to the sintering occurring with temperature rise. The
sintering of particles began around 650 !C and corresponds to
the formation of grain boundaries between particles. This
phenomenon may explain the increase in the presence of larger
particles. This phenomenon also occurred for mixture A, but it
was less evident because this intitial mixture had a signiﬁcant
amount of particles larger than 10 μm.
The density variation for diﬀerent initial mixtures before and
after their calcination is presented in Figure 15. The density of
initial mixtures was found to be between 2000 and 2500 kg/m3,
and the density of the ﬁnal products was superior to 3000 kg/m3
regardless of the initial mixture used or the ﬁnal calcination
temperature. For the speciﬁc surface area (Figure 16), the same
evolution was observed. Initial products had a speciﬁc area of
about 10m2/g while for the precursor LiFePO4 it was superior to
17 m2/g. These two characterizations show that calcination
produced a denser and more reactive material. Under our
operating conditions, the ﬁnal temperature of calcinations (in
the range studied) did not have a major inﬂuence on these two
physical characteristics. The same observation can be made with
regard to the heating rate. The rates used (5!30 !C/min) had no
eﬀect on the density or the speciﬁc surface area.
3.4. Electrochemical Performances.The first results obtained
for electrochemical performance are presented in Table 1. For
a heat treatment at 700 !C, electrochemical performances
were identical and were of 128 mAh/g for the five examples
considered. The difference observed between the samples are
linked to the size distribution. In fact, the paricle size control
allowed increasing the perfomance from 130 to 135 mAh/g. In
Figure 12. Crystallinity from DRX spectra.
Figure 13. M€osbauer analysis.
Figure 14. Particle size distributions.
the other side, the analysis of a sample heated up to 650 !C showed a
better electrochemical performance. When the particles are mainly
small, the performance is improved. These results are consistent with
results obtained by some authors in the literature.2,3 A homogeneous
size distribution and small particles decrease the mean free path of
lithium, and the movement of electrons is falicitated.
4. CONCLUSIONS
A LiFePO4/C precursor made by a solid-state reaction was
characterized under diﬀerent calcination conditions, to reveal the
inﬂuence (or not) of the calcination process.
Thermal characterization of the initial mixture showed the
LiFePO4/C crystallization process occurring between 450 and
500 !C.
IR spectra conﬁrmed that variations in calcination tempera-
tures or heating rates did not change the functional groups of the
product. All calcination conditions used in this study allowed
LiFePO4/C to be synthesized in an orthorhombic olivine
structure with a Pnmb space group. With the SEM analysis,
two types of particles were observed, some plates with primary
particles on the surface and some aggregates of primary particles.
The EDX conﬁrmed a homogeneous allocation of carbon in the
ﬁnal product. With SEM micrographs, sintering was seen on the
plate surface. The physical characterization showed that calcina-
tion caused a densiﬁcation of the ﬁnal material and increased its
reactivity. Moreover, the particle size distribution measurements
conﬁrmed the appearance of larger particles that corresponded to
aggregates observed in the SEM micrograph.
The M€osbauer analysis showed that the proportion of
Fe(II) to Fe(III) did not diﬀer signiﬁcantly following changes
in calcination conditions. Investigations on LiFePO4 doped by
C, used as a positive electrode material for Li+ ion batteries,
are increasingly turning to techniques allowing control of
particle size and porosity.25!28 These parameters are very
important because if the particle size is smaller than the
distance of Li+ ion diﬀusion is decreased and if particles
present porosity then ion diﬀusion is facilitated. Modifying
these parameters should improve the performance of LiFe-
PO4/C in batteries.
Figure 15. Variation of density.
Figure 16. Variation of speciﬁc surface area.
Table 1. Electrochemical Performances
ﬁnal
sample
A, Tf =
700 !C
B, Tf =
700 !C
C, Tf =
700 !C
D, Tf =
700 !C
E, Tf =
650 !C
mAh/g 123 128 130 135 147
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